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Abstract
In thispapera numberof techniquesare investigatedfor
predictingtheperformanceof a digitalsystemin fading
channels.A methodis presentedwhichcombinesbothbit
error rate simulationand site-specific hannelcharac-
terisationusingray tracingtechniques.Probabilitydensity
functionsaredevelopedfor theresultingsignalvariations
whichshowinstantaneousbiterrorrateversusfadedepth.
Usingthisapproach,the irreducibleerror ratefor both
randomFM andRMSdelayspreadhavebeendeterminedfor
rr/4DQPSK.It isshownthatRMSdelayspreadalonecannot
fully representthedistortingeffectofthewidebandchannel.
However,if combinedwithnarrowbandfadingstatistics,it
becomespossibletoestimatetheaveragebiterrorratefor a
givenpropagationenvirolIment.Toincreasethespeedofour
fadingsimulations,an importancesamplingapproachhas
alsobeendevelopedwhichyieldsresultsthatarecomparable
tothosegeneratedfromful!simulations.
I - INTRODUCTION
Futuremobilesystemsarenowlookingtowardsthe
integrationofvoicewithhighcapacitydatabasedserv-
ices.However,unlikethemajorityofanaloguesystems,
for a digitalsystemthecoveragecanno longerbe
predictedbasedon signalstrengthalone.Digitalmo-
demsareproneto theintroductionof an irreducible
errorratethatarisesasa resultof usermotionand/or
timedispersionin thechannel[1]. Theresultingerror
floorsareindependentof signalstrengthand,unless
corrected,will eventuallylimitboththeuserspeedand
themaximumdataratethatcanbesupported.Tradi-
tionally,theaveragevalueof theseerrorfloorshave
beendetenninedeithermathematicallyor throughthe
useof computersimulation.
Inthispaperthepossibilityofperfonninglrighspeedbit
errorrateestimationis investigatedthroughthedevel-
opmentof probabilitydensityfunctionsbasedonthe
instantaneouserrorrateforarangeof fadedepths.
It iswellknownthatheRMS delayspreadmaybeused
asagoodindicatorof thetimedispersionpresentin a
channel[2]. However,sincethisvalueis computed
withoutheuseof anyfadinginfonnation,it isdifficult
topredicttheresultingbit errorrate. In practice,the
averagebiterrorateisalsodependentofthevariability
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ofthelocalfadingenvelope.Toovercomethisproblem
it iscommonfortheaverageirreduciblebiterrorrateto
becalculatedbasedonRayleighfadingstatistics[3].For
channelsexperiencingmoredeterministic,or Ricean-
likevariations,theaveragebiterroratewillbesubstan-
tiallylowerduetothereducedprobabilityoffading.
Sincethechannelmodelsrequiresophisticatedpropa-
gationdata,a ray-tracingalgorithmisusedtogenerate
therequiredamplitude,timedelay,arrivalangleand
phaseinformationforeachreceivedray.In additionto
providingchannelmodelsforafullsimulation,thisray
infonnationcanalsobeusedtoproduceanestimateof
thefadingstatisticsin thevicinityof thereceiver.This
approachimprovesupontraditionalRayleigh-only
channelmodelssinceerrorproductioncannow be
achievedfor bothdeterministicandnon-detenninistic
widebandchannels.
To improvethespeedatwhichresultscanbesimulated,
animportancesamplingtechniquehasbeendeveloped
forburstyfadingenvironments.Thetechniquer lieson
transmittingthedataonlyin locationswherethereis a
reasonableprobabilityorerror(Le.duringdeepsignal
fades).Forallotherlocations,thedataisassumedtobe
receivedcorrectly,thusgreatlyreducingsimulationrun-
times.
IT- CHANNEL MODEL
A generalmodelof thelow-passimpulseresponsefor
themobiletransmissionchannelis shownbelow:
N
het) =E An <> ( t - 'tn ) exp (-j(en +L\en)) (1)
n..l
inwhichtheimpulseresponseh(t)isthesumof asetof
N impulsesarrivingatdelaytimes'tnwithamplitudes
An' phases enand phase displacements L\en=
2TtVtcos(cpn- cpv)/')..wherecpnis thearrivalangleof the
nthimpulse,visthespeedof themotion,')..is thecarrier
wavelengthandcpvis thedirectionofmotion.
To employthismodel,it is necessaryto identifythe
amplitudes,timedelaysandphasesoftheN constituent
componentsof this response.The componentsmay
consistofthedirectlyreceivedsignalfromthetransmit-
teranda varietyof signalsreceivedfromreflecting
surfaces,diffractingcornersandscatteringsurfaces.By
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Figure1:Typic~lOutputafterRay-Tracing
usingaray-tracingtechnique,theenergyemittedfrom
thesourcetransmittingantennais geometricallytraced
todeterminethosesurfacesorcornerswhichareillumi-
nated[4].For theray-tracingmodelusedhere,each
illuminatedsurfaceisreplacedbyanimagetransmitter
or scatteringsourcesuchthattheradiationfromthe
imagerepresents(in amplitude,phaseandradiating
directions)theenergyreflectedfromthesource.Simi-
larly,anilluminatedcornerisreplacedbyanequivalent
wedgediffractionsource.Withthisfirstsetof images
andiJ.luminatedcornersin place,eachof themis then
consideredinturnbyray-tracingtodeterminethesur-
facesandcornerstheyilluminate.Energyfromthese
secondreflectingsurfacesrepresenttworeflectionech-
oes.Thisprocessis repeatedfor asmanyiterationsas
mayberelevantotheproblemin hand,orwhichare
practicalfromacomputationalpointofview.Figure1
showsatypicaloutputfromtheray-tracingalgorithm.
Sincethistechniqueinherentlyprovidespulsedelay
infonnation,it hasbecomeattractiveforprovidingthe
propagationmodelsfordigitalcommunicationsimula-
tions.Theraytracingmodelisfullydescribedin [5].
At eachreceivelocationtheray-tracingpropagation
modelprovidesthreetypesof infonnationaboutthe
channel:
1.Meansignalevel(meanchannelpathlossfromthe
transmittertothereceiver)
2.RMS delayspreadandthespecificimpulseresponse
asdefineinequation(1)
3.An estimateoftheenvelopeamplitudefadingdistri-
bution
Themeansignalevelisfoundbysimplyaveragingthe
totalpowerin theraysarrivingatthereceiver.Fade
depthstatisticsareconsideredrelativetothismean.
TheRMS delayspreadisthesecondcentralmomentof
thepowerdelayprofilewiththefirstarrivingraytime
"Cminreferencedas t=O.TheRMS delayspreadis then
calculatedasbelow:
. I/.!
0, - [E (,"-" )'p( ,") ]
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wherethemeanvalueof thepowerdelayprofileis:
N ?
A~
'tm =E 'tn p('tn) and p('tn)...---;:; ?
11=1 ~ . A;'- /1=1
(3)
Thethirdchannelcharacteristicwhichthepropagation
modelprovidesis anestimateoftheprobabilitydensity
function(pdf)forthespatially-dependentvelopeam-
plitudeatthereceivelocation.Usuallythefadingpdfis
takenasRayleighorlognormallydistributed.However,
in manyreceiverlocations,especiallythosewhichare
line-of-sight,hefadingpdfismorecloselyrepresented
bya Riceandistribution.Theray-tracingpropagation
modelprovidesameansof estimatingtheactualpdfat
a receivelocation.Thisis donebysupposingthatthe
receivermovesoveranumberofwavelengthsandcom-
putingthevectoradditionoftherays.Theresultingset
ofvaluesisthenasampIefromtheactualfadingenve-
lopevoltager, whichis acontinuousrandomvariable
whichcanbeconsideredstationaryin theimmediate
vicinityof thereceivepoint.Estimatesof thethemean
~mandvariance~~of theenvelopepdfcanbefoundfrom
theK sampIepoints.
K
1\ ~ ~ rkrm=K '-
k=1
K
1\2 1cr,=- ~ ( r - fI: )
2
K '- k Im
k=1
(4)
ThegeneralRicedistributionusedtorepresenttheen-
velopeamplitudefadingdistributionis:
r
(
-r2
J (
-A~
J (
rAc
)p(r)... cr~exp 2cr~exp 2cr~10 cr~
(5)
whereAc is takenhereasthehighestamplituderayin
thepowerdelayprofileand10is themodifiedBessel
functionofthefirstkind.WhenAcissmallcomparedto
cr"thedistributionper)is essentiallyRayleighandthe
fading depthprobabilityfollows the well known
Rayleighdistribution.Whenthedelayprofileis domi-
natedbyasinglestrongray,thefadingenvelopedistri-
butionismorecloselyconfinedaroundtheamplitudeof
Ao resultingin lessprobablefadesofagivendepth.
Thefadingenvelopedistributionp(r)andchannelchar-
acteristicsobtainedfromtheray-tracingpropagation
modelarethenusedinconjunctionwithasystemsimu-
lationprogramasexplainedinthefollowingsection.
III - SYSTEM SIMULATION
(2)
Toallowbiterroratestobedetennined,aMonteCarlo
typesimulationwasperfonnedwithdatapacketsbeing
transmitteduntilasignificantnumberoferrors(orerror
bursts)hadbeenreceived.Forall results,rc/4DQPSK
hasbeenassumedasthedigitalmodulationscheme.
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Figure2: Error DensityCalculation
For eachsimulationa pilot carrieris createdwhich,
althoughnotusedin thedemodulationprocess,is re-
quiredtostatisticallyanalysethereceivedwavefonns.
It is interestingtonotethatasingletonehasbeenused
tosoundboththenarrowbandandthewidebandchan-
nels.Forwidebandtransmissionsthepilotenvelopewill
clearlydeviatefromthereceivedsignalenvelopeanda
moreaccurateapproachmaybetogeneratethefading
statisticsbasedontheactualreceivedwaveform.This
approachasnotbeenimplementedsince,aswill be
seenin thenextsection,it is thenmoredifficultto
implementefficientbiterrorateestimation.Inaddition,
fortherelativelylowvaluesofdelayspreadinvestigated
(comparedto thebit rate),thenarrowbandenvelope
providesanexcellentindicatorof systemerror.
It is well knownthattheerrorsintroducedbyfactors
suchasrandomFM andtimedispersionoccurinbursts
andthattheseburstsarehighlycorrelatedwithfade
depth(atleastfor low valuesof error).To investigate
this relationship,a probabilitydensityfunctionwas
constructedbasedonthepilotfadinginfonnationand
theresultingBER. Thepilotsignalis firstanalysedto
determineitsmeanvalue.Theenvelopeisthendivided
intothinsectionsasdemonstratedinfigure2.Thedia-
gramshowsa typical1dB segmentthatis offsetbyx
dBfromthe mean(xvariedfrom+15to-40dB).The
resultingbiterrorrateisthencalculatedfor'allthedata
bitsforwhichthepilotenvelopefallswithinthisrange
of values(i.e. theshadedregionsin figure2). This
processproducesanaveragebit errorrateatregular
offsetsfromthemeanandcanbeusedtodemonstrate
theburstynatureof themobilechannel.
Theaveragebiterrorratefor a givenlocationcanbe
computedusingequation6,whereper)representshe
pdf of thefadingenvelopeande(r)theerrordensity
functioncalculatedabove.
+"" +15
BER =Jp(r)e(r) dr 1':$ E p(r)e(r)
- "" r=-4O
Hence,bycombiningthefadingpdfestimateforagiven
locationwiththeerrordensityresultsobtainedabove,it
becomespossibletoobtainhighspeedestimationsfor
theaveragebiterrorateinagivenlocation.In addition
someappreciationftheinstantaneousbiterroratecan
alsobeproducedbasedon knowledgeof thesignal
enveloperelativeto themean.However,for certain
applicationsamorethoroughexaminationmaybenec-
essaryandthisrequirestheimplementationf a full
simulation.
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IV -IMPORTANCE SAMPLING
MonteCarlosimulationsgenerallyrequireextremely
largeruntimestoconfidentlypredictlowvaluesof bit
errorate.Traditionally,aminimumofaround100-200
biterrorsarereceivedforeachpointin thesimulation.
Foranerrorateof lE-5, thisrequiresthetransmission
ofapproximately10-20millionbits.Foraburstyenvi-
ronmenttheabovecriteriaisquestionablesinceall the
errorscouldoccurinasingleburst.Ideally,forafading
environment,theresultingbiterrorateshouldbeaver-
agedoveralargenumberof theserrorbursts.
In traditionalsimulations,agreatdealof runtimecan
bewastedbysimulatingtransmissioni areaswherethe
probabilityof biterroris low.With thisin mind,an
alternativeapproachasbeenimplementedthatsimu-
latesdatatrammissiononlyduringfades.Figure3dem-
onstratesthe principalsbehindthis technique.A
narrowbandpilottoneis firstpassedthoughthefading
modeltogeneratea largesampIeof thefadingwave-
form.Theresultingenvelopeis thenanalysedusinga
pre-detenninedvaluetodetenninethepointsatwhich
thesignalfallsbelow('Oak)andabove('tbk)thisthreshold.
Theresultingdatatable,whichstoresthetimeforallthe
relevantfades,cannowbeusedbythemainsimulation
topreventrun-timebeingwastedin thoseareaswhere
errorisunlikelytooccur.
Thethresholdisobviouslycriticaltothesuccessofthis
approachandcanbe determinedfrom thebit error
probabilitydensityfunctionsdescribedearlier.Inprac-
tice,forverylow errorrates,togenerateanerrorthe
signalmayneedtofadein excessof 20dB relativeto
themean.Forthistypeof situation,theruntimecould
beimprovedbyasmuchastwoordersof magnitude.
The improvementfactor(R) is givenby equation7,
(6)
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Figure4: IrreducibleBER vs.NonnalisedDoppler
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Figure5: IrreducibleBER vs.NonnalisedDelay
whereP(r<>,;)representsthe Rayleigh cumulativepdf
andx thepre-detenninedthreshold.
1
R--
- P(r<x)
Fromequation7 it is obviouslythatasthethresholdis
lowered,theoverallimprovementincreases.However,
it is importanttonotethatif, for a particularun,the
thresholdis set too low, invaliderror'rateswill be
generated.In practice,to minimisetheprobabilityof
distortion,thethresholdisalwayssetseveraldBhigher
thanrequired.
v - RESULTS
Theperformanceof n/4DQPSK wasfirstevaluated
throughtheuseof thesimulationtechniquesdescribed
previously.Figure4showsthesimulatedirreduciblebit
errorratein anarrowbandRayleighchannelatvarious
valuesof nonnalisedDoppler(FdT,).Forthewideband
scenario,figure5showstheperformanceforanon-line-
of-sightlocationoverarangeof valuesof normalised
delayspread('tRMSR).In theaboves~mulationsR repre-
sentsthebit rateof thesystemandT, theresulting
symbolperiod,Rootraisedcosinefilteringwasassumed
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0.1
withroll-{)fffactorsof1and0.5beingimplemented.For
thewidebandcasetheirreduciblerrorwasfoundtobe
sensitivetothevalueofroll-{)ffconstant.Tightervalues
tendedtoincreasethetimespreadingofthepulsewhich
resultedin increasedsusceptibilityoIS!.
In additiontocalculatingtheaverageBER, foreachof
thesimulationpointstheerrordensitywasalsopro-
duced.Figure6showstheresultingerrordensitycurve
for fourvaluesof normalisedDoppler.Forvaluesas
highas0.1theresultingBER isapproximately7%with
'errorsoccurringforallenvelopevalueslessthan+4dB
relativetothemean.AsthevalueofnonnalisedDoppler
is reduced,notonlydoestheaverageBER drop,but
errorsalsobecomemorecorrelatedwithfadedepth.For
anonnalisedDopplerof0.003,thesignalenvelopehad
tofadegraterthan-25dB relativetothemeanbefore
errorswerelikely to occur.This burstphenomenon
occurssincetherateof changeof phaseis directly
proportionalto thedepthof thefade.Indeed,at the
bottomof extremefades(>-40dB),theresultantphasor
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canflip byupto 180degreesthusintroducinghighly
correlatederrors-
A similarphenomenonalsooccursfor thewideband
situation.Figure7showsthecorrelationbetweenthebit
errorrateandtheinstantaneousfadedepth.
Thedegreeof frequencyselectivefadingisdetennined
by thenonnalised elayspread.For low valuesof d
(-0.0377),theerrorstendtoberestrictedtodeepsignal
fades(greaterthan20dB relativetothemean).From
figure5 it canbeseenthattheaveragebitratein this
regionisapproximately1E-4(assumingaroll-offof 1),
however,duringdeepsignalfadestheinstantaneousbit
errorratecanbesignificantlyhigher.Valuesgreater
than1in 100arepossiblefor fadedepthsgreaterthan
25dB.Thisillustratesoneof theproblemsofusingan
averagebiterrorrateforaburstychannel.As eitherthe
nonnaliseddelayspreador thenonnalisedDoppler
increases,thecorrelationbetweentheaveragebiterror
rateandthesignalenvelopereduces.Foranormalised
delayspreadof 0.3014,biterrorscanoccurwhenever
thepilotfadesbelowitsmean(Le.approximately50%
of locations).As thedelayspreadis furtherincreased,
bit errorsoccurfor all valuesof pilotenvelope.For
delayspreadgreaterthan1.2almostnocorrelationwas
measuredbetweenthepilotenvelopeandtheinstanta-
neousbiterrorrate.
Fromfigures6and7 it canbeseenthatastheaverage
BER falls,theresultingerrorsbecomehighlycorrelated
i:Q
withfadedepth.It thereforefollowsthatsimulating
transmissioni highsignalstrengthsresultsinnouseful
infonnation.Toreducethetimerequiredtoobtaindata
pointsin thisregion,thespeed-uptechniquedescribed
in sectionIV wasapplied.A thresholdof -15dB was
usedandthisresultedin anapproximatethirtytimes
reductionin run-time.Indeed,thistechniquewasap-
pliedtoobtaintheverylowerrorrateshownin figure
5,wheretraditionallyupto50milliondatabitswould
haveneededtobetransmitted.However,theresulting
BER is nowverysensitivetothetailof thefadingpdf.
A greatdealof caremusthereforebetakentogenerate
channelmodelswhichaccuratelyrepresentshisregion.
Theaimofthisworkis toallowaccuratestimatesfor
theaverageirreducibleBER tobedetenninedwithout
theneedfor simulation.In addition,sincetheaverage
biterrorratedependsonthedegreeof envelopefading,
thetechniqueshouldalsomakeuseof localisedfading
infonnation.
Todemonstratethistechnique,thereceiverwasmoved
ata givenspeedwithintheray-tracingprogram.For
eachlocationthepropagationcharacteristicswere
evaluatedand,basedonuser'sspeed,carrierfrequency
anddatarate,appropriatepdf'sgeneratedfor random
FM anddelayspread(throughinterpolationof there-
sultsshownin figures6 and7).Thisinfonnationwas
theninsertedintoequation6wherea discretesumma-
tionwasperformedtoobtainestimatesfortheaverage
irreduciblebiterrorates.If required,asimilarsumma-
tioncanalsobeperfonnedbasedontheAWGN per-
formanceof thechosenmodulationscheme.Theerror
ratesfor AWGN, en>randomFM, erandRMS delay
spread,eD,arethencombinedasshownbelow:
2 2 'v>
AverageBER =(en+er+e'D) - (8)
Theoutputfromequation8thenrepresentshedesired
estimatefortheoverallaverageBER.Figure8showsa
plotof theirreduciblerrorresultingfromrandomFM
asthereceivermovesalongitspre-detenninedroute.A
nonnalisedDopplervalueof0.005(62kb/s,lOOkm/h,
1.8GHz)wasassumedwhich,fromfigure8,resultedin
a maximumerrorfloorof nearly2E-4(dependingon
fadingstatistics).Fromfigure4, assuminga Rayleigh
envelopedistribution,anerrorfloorof 2E-4wasob.
tainedthroughsimulation.
Figure9 showsa similarresultfor normalisedelay
spread.Foravalueof 120ns,anerrorfloorof lE-3 is
predicted.Usingfigure7, thevalueobtainedthrough
simulationwasapproximately1.5E-3(d=0.12).More
importantly,theestimatedaverageBER is nowafunc-
tionof notonlytheRMS delayspread,butalsothe
propagationcharacteristicsof thelocalenvironment.
VI- CONCLUSIONS
An errorrateestimationtechniquehasbeendeveloped
whichusesnarrowbandenvelopefadingstatisticsto
predictirreduciblerrorates.Ithasbeenshownthathe
BER inachannelis relatedtothelocalfadingpdfand
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thisinfonnationhasbeenincludedinthegenerationof
ourestimates.An acceleratedsimulationtechniquehas
beendevelopedandshowntobeparticularlyusefulfor
evaluatingtheextremelylowerrorratesthatoccurasa
resultof deepandinfrequentfading.
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